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theoretical insights into the
corrosion inhibition activity of novel Schiff bases
for aluminum alloy in acidic medium†

Uzma Nazir, a Zareen Akhter,*a Naveed Zafar Alib and Faiz Ullah Shah *c

Three novel Schiff bases, namely N-(4-((4-((phenylimino)methyl)phenoxy)methoxy)benzylidene)benzenamine

(UA), N-(3-methoxy-4-((2-methoxy-4-((phenylimino)methyl)phenoxy)methoxy)benzylidene)benzenamine (UB),

and N-(3-ethyl-4-((2-ethyl-4-((phenylimino)methyl)phenoxy)methoxy)benzylidene)benzenamine (UC), were

synthesized and their structures were elucidated through diverse spectroscopic techniques such as FT-IR, GC-

MS, 1H NMR and 13C NMR. The corrosion inhibition effect of these Schiff bases on aluminum alloy AA2219-T6

in acidic medium was explored using weight loss, Tafel polarization, and electrochemical impedance

spectroscopy. Theoretical quantum chemical calculations using density functional theory were employed to

determine the adsorption site. It was found that inhibition efficiencies increase with an increase in the inhibitor

concentration. Tafel plots showed that these Schiff bases function as mixed inhibitors. Adsorption of the Schiff

bases on aluminum followed the Langmuir adsorption isotherm and the value of DG
�
ads showed a dominant

chemical mechanism. FT-IR and SEM techniques were used to investigate the surface morphology. The

compounds showed a substantial corrosion inhibition for aluminum alloy in 0.1 M HCl at 298 K. UB and UC

exhibited superior anticorrosion efficiency compared to UA originating from the electron-donating methoxy

and ethoxy group substitutions, respectively. There was found to be good correlation between molecular

structure and inhibition efficiencies.
1 Introduction

Aluminum and its alloys containing excess copper contents (i.e.
the AA2000 series) are some of the most widely used materials
owing to their low density, oxidation resistance and prevailing
mechanical strength. They are widely used in the marine,
electronic1 and aerospace industries2 with diverse structural
applications. The increasing ocean acidication due to the
excessive release of carbon dioxide to the atmosphere and its
dissolution in sea water poses a threat not only to aquaculture,
ora, biodiversity, and sheries but is also becoming alarming
in terms of the biofouling of offshore and deep-sea structures
and sea-related economies. The resulting rusting and scaling of
eroded metal surfaces are oen cleaned using dilute hydro-
chloric acid that removes emergent abrasive signatures in
submerged hull and marine wreckages. The need to develop
effective protection measures in the form of smart anticorrosive
coatings and effective corrosion inhibitors is imperative, which
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will help to tackle the chronic corrosion problem and allied
economic losses.

The high reactivity of aluminum and its alloys renders them
vulnerable to corrosion in aggressive environments.3 Despite the
fact that an adhesive and protective passivating oxide lm is
formed due to exposure to aqueous solution on the surface of
aluminum, this lm has an amphoteric receptivity and easily
dissolves when metal is prone to high acidic or basic concen-
trations.4,5 Corrosion is a phenomenon that brings about the
destruction of metal structures via chemical and/or electro-
chemical reactions.6 Metal degradation through corrosion is
a major problem in industrial applications, hence directly
leading to economic losses. For pickling, chemical or electro-
chemical etching of aluminum, hydrochloric acid solutions are
used, which corrode this metal. Therefore inhibition of corrosion
of aluminum in acidic media has pronounced importance.7,8 The
main strategy to overcome the corrosion of aluminum is to
protect it from corrosive compounds. For this purpose organic
corrosion inhibitors that contain polar groups, heteroatoms such
as nitrogen, oxygen and sulfur in their structure and an electronic
cloud on aromatic rings are reported.9–11

Presently, among various categories of organic anticorrosive
compounds, Schiff bases are the prime class used to prevent
corrosion. The main reasons for using Schiff bases as potential
anticorrosive materials are that they are easily synthesized from
comparatively inexpensive starting materials and are eco-
RSC Adv., 2019, 9, 36455–36470 | 36455
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friendly.12,13 These anticorrosive molecules normally form very
ne and permanent adsorbed lms that are helpful in reducing
the disintegration rate of a metal by preventing anodic and
cathodic reactions.14 Various studies have shown that the main
mechanism through which a metal surface is protected by
anticorrosive molecules is the formation of donor–acceptor
complexes. Thus, inhibition efficiency mainly depends upon
structural frameworks including functional groups, donor atom
electron density and electronic structure of the adsorbed
molecules and substrates.15–18 Various Schiff bases have been
reported to prevent degradation of metals and alloys such as
pure aluminum and its alloys,19–23 copper,24 iron and mild
steel25–27 in acidic environments.

Theoretical approaches have gained ample consideration in
fundamental corrosion studies.28,29 In this regard, quantum
chemical calculations have been extensively used to analyze the
molecular structures of anticorrosive compounds and their
interrelation with metal substrates at a molecular level, which is
crucial for perceiving the inhibition effectiveness of adsor-
bates.30–34 Organic inhibitors of different anticorrosive efficien-
cies are evidenced by measuring the optimum conguration of
the organic molecules that are adsorbed on to a metal surface
and by evaluating their interaction energies.34

According to the existing literature, not many studies have
been carried out regarding the corrosion inhibition of
aluminum alloys of the 2000 series in acidic media by organic
Schiff bases. And to the best of our knowledge, no anticorrosive
research work has been reported so far on aluminum–copper
alloy AA2219-T6. Therefore, the inhibitive behavior of some
organic Schiff bases with different substituents and hetero-
atoms on AA2219-T6 alloy towards corrosion in acidic media
was thoroughly studied using both experimental and theoret-
ical approaches.

The present work is aimed at the synthesis of three organic
Schiff bases, namely N-(4-((4-((phenylimino)methyl)phenoxy)
methoxy)benzylidene)benzenamine (UA), N-(3-methoxy-4-((2-
methoxy-4-((phenylimino)methyl)phenoxy)methoxy)
benzylidene)benzenamine (UB), and N-(3-ethyl-4-((2-ethyl-4-
((phenylimino)methyl)phenoxy)methoxy)benzylidene)
benzenamine (UC), to investigate corrosion inhibition of
AA2219-T6 alloy in 0.1 M HCl medium. The main focus of this
study was to investigate the effect of substitution of ethoxy
(–OC2H5) and methoxy (–OCH3) groups on their anticorrosive
properties. The substitution effect of ethoxy (–OC2H5) and
methoxy (–OCH3) groups on the inhibitive properties of the
Schiff bases is studied using weight loss measurement tech-
nique, potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS). Moreover, quantum chemical
calculations have been performed using density functional
theory (DFT) to investigate the anticorrosionmechanism and its
correlation with electronic and structural properties of the
organic inhibitors. The correlations between inhibition effec-
tiveness and theoretical parameters such as energies of the
highest occupied molecular orbital (EHOMO) and the lowest
unoccupied molecular orbital (ELUMO), energy difference (DE),
electronegativity (c), dipole moment (m), etc., are discussed.
Aluminum alloy surface morphology aer corrosion
36456 | RSC Adv., 2019, 9, 36455–36470
experiments was inspected by FT-IR spectroscopy and scanning
electron microscopic (SEM) techniques.
2 Experimental
2.1 Materials and methods

All chemicals used in the present study were of analytical grade
and subsequently used for experiments as received from
commercial suppliers without further purication. 4-Hydrox-
ybenzaldehyde, 4-hydroxy-3-methoxybenzaldehyde, and 3-
ethoxy-4-hydroxybenzaldehyde were obtained from Fluka in
pure form. Hydrochloric acid, aniline, dichloromethane and
anhydrous potassium carbonate were purchased in pure form
from Merck. Absolute ethanol and dimethyl formamide (DMF)
were further puried before use, following standard analytical
methods.35

The structure and purity of the synthesized Schiff bases were
characterized using a Bruker Ascend Aeon WB 400 (Bruker Bio-
Spin AG, Fällanden, Switzerland) NMR spectrometer. Some
spectra were recorded with Bruker AXR (300 MHz) spectrometer.
Data were processed using Bruker Topspin 3.5 soware. Vibra-
tion frequencies of all the Schiff bases were recorded through FT-
IR spectra, using a PerkinElmer System 2000, in which sampling
accessory was built in with ATR. GC-MS of the inhibitor Schiff
bases was done through mass selective detector G2579A.
2.2 Preparation of Schiff bases

The investigated Schiff bases were synthesized in two steps. In
the rst step, substituted diformyl precursors were prepared by
condensing 4-hydroxybenzaldehyde with appropriate a,u-
dichloroalkanes in an inert atmosphere, in the presence of
anhydrous potassium carbonate using DMF as solvent. Then in
the second step, the Schiff bases were synthesized through
condensation of 2.1 mol of dried aniline with 1 mol of corre-
sponding diformyl compound by adopting the following route. In
a round-bottom ask of 250 mL equipped with a magnetic stirrer
and a condenser, one mole of dialdehyde was dissolved in 50 mL
of dried absolute ethanol. Concurrently the mixture/solution of
dried aniline (2.1 mol) in absolute ethanol (30 mL) was added
dropwise to this solution within 30 minutes under streaming N2.
The mixture was then heated at 90 �C to reux for 6–7 h leading
to the formation of reaction product as observed by TLC [n-
hexane/ethyl acetate (6 : 4)]. At the end of reaction, the reaction
mixture was cooled and white-colored Schiff base precipitated
out which was subsequently ltered and recrystallized from dried
ethanol to afford the corresponding pristine Schiff base.

2.2.1 N-(4-((4-((Phenylimino)methyl)phenoxy)methoxy)
benzylidene)benzenamine (UA). The Schiff base UA was
synthesized by the above-mentioned procedure using dialdehyde
(2 g, 7.80 mmol) 4,40-diformyldiphenoxyethane with aniline
(1.528 mL, 7.81 mmol). Yield 70%; m.p. 136–139 �C; GC-MS:
C27H22N2O2 (m/z): obs. 406 amu [M+], calcd (m/z) ¼ 406 amu
[M+],m/z¼ 226 [M� C13H10N]

+,m/z¼ 104 [M� C20H16N2O2]
+,m/

z¼ 77 [M� C21H17N2O2]
+. FT-IR (n cm�1): n(C]N) 1605 s; n(C–O–

C) 1219; n(Ar–CH) 3061 s; n(aliphatic-CH) 2879. 1H NMR (CDCl3;
d ppm): 8.42 (1H, HC]N); 6.46 (2H, O–CH2–O); 7.21–7.91 (9H, J
This journal is © The Royal Society of Chemistry 2019
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¼ 8.4, Ar–H). 13C NMR (CDCl3; d ppm): 159.0 (1C, HC]N); 101.02
(s, aliphatic C, –CH2–); 116.48–152.19 (m, aromatic C).

2.2.2 N-(3-Methoxy-4-((2-methoxy-4-((phenylimino)methyl)
phenoxy)methoxy)benzylidene)benzenamine (UB). The Schiff
base UB was synthesized by the aforementioned procedure
using 4,40-diformyl-bis-methoxydiphenoxyethane (2 g, 6.32
mmol) with aniline (1.21 mL, 6.19 mmol). Yield 77%; m.p. 98–
101 �C; GC-MS: C27H22N2O2 m/z ¼ 466 [M]+$, m/z ¼ 226 [M �
C15H12NO2]

+, m/z ¼ 240 [M � C14H14NO2]
+, m/z ¼ 77 [M �

C23H20N2O4]
+, m/z ¼ 388 [M � C6H5]

+. FT-IR (n cm�1): n(C]N)
1585 s; n(C–O–C) 1249; n(Ar–CH) 3054 s; n(aliphatic-CH) 2972.
1H NMR (CDCl3; d ppm): 8.41 (1H, HC]N); 6.59 (2H, O–CH2–O);
3.98 (3H, s, OCH3); 7.20–7.67 (8H, m, J ¼ 8.4, Ar–H). 13C NMR
(CDCl3; d ppm): 159.69 (1C, HC]N); 101.03 (s, aliphatic C,
–CH2–); 56.5 (1C, OCH3); 116.48–152.19 (m, aromatic C).

2.2.3 N-(3-Ethyl-4-((2-ethyl-4-((phenylimino)methyl)
phenoxy)methoxy)benzylidene)benzenamine (UC). The Schiff
base UC was synthesized following the above general procedure
using 2.0 g (5.81mmol) of 4,40-diformyl-bis-ethoxydiphenoxyethane
with aniline (1.21 mL, 6.19 mmol). Yield 67%; m.p. 220 �C; GC-MS:
C27H22N2O2 m/z ¼ 494 [M]+c, m/z ¼ 254 [M � C25H14NO2]

+, m/z ¼
226 [M� C16H16NO2]

+,m/z¼ 77 [M� C25H25N2O4]
+,m/z¼ 417 [M

� C6H5]
+. FT-IR (n cm�1): n(C]N) 1600 s; n(C–O–C) 1245; n(Ar–CH)

3062 s; n(aliphatic-CH) 2875. 1H NMR (acetone; d ppm): 8.51 (1H,
HC]N); 4.13 (2H, q, J ¼ 6.9, ArOCH2); 1.40 (3H, t, J ¼ 6.9, CH3);
5.96 (2H, s, –CH2–); 7.21–7.70 (8H, m, J ¼ 8.4, Ar–H). 13C NMR
(acetone; d ppm): 159.54 (HC]N); 101.20 (1C, O–CH2–O); 64.19
(1C, OCH2); 14.50 (1C, CH3); 111.97–152.26 (m, aromatic C).

2.3 Anticorrosion experiment

2.3.1 Aluminum alloy specimen and corrosive solution
preparation. The chemical composition (wt%) of aluminum
copper alloy (AA2219-T6) used for all experiments was: Al, Mn
(0.32), Cu (6.48), Fe (0.23), Ti (0.06), Si (0.49), V (0.08), Zn (0.04),
Zr (0.2). Dimensions of coupons used for weight loss experi-
ments were 1.2 � 1.1 � 0.46 cm3 and a working electrode with 1
cm2 surface area was used for electrochemical measurements.
Before performing the anticorrosion tests, the surface of the
specimens of aluminum alloys were mechanically abraded with
different grades of emery paper. Acetone was used for
degreasing the coupons and double distilled water was used to
wash them and then they were air-dried before dipping in the
cell of corrosive or/and anticorrosive medium. Analytical grade
HCl (37%w/w) of preset normality was used for the formation of
a corrosive solution of 0.1 M HCl with triple distilled water. To
ensure the solubility of the compounds, their stock solution was
prepared by adding 5% of DMF as a co-solvent. Different
concentrations (50 ppm and 100 ppm) from stock solution were
prepared in 0.1 M HCl. In order to eliminate the effect of DMF,
0.1 M HCl solution containing 5% DMF was used as a blank
solution and the corrosion rate of aluminum was determined in
this solution. The measurements were conducted in 30 mL of
corrosive solution in the absence and presence of 50 ppm and
100 ppm Schiff base inhibitors.

2.3.2 Weight loss experiment. Aluminum alloy specimens
of dimensions 1.2 � 1.1 � 0.46 cm3 were used. These speci-
mens were nely polished, dried, weighed and were used for the
This journal is © The Royal Society of Chemistry 2019
weight loss experiment. For that purpose, each aluminum alloy
specimen was dipped in a 50 mL beaker containing 0.1 M HCl
solution as per ASTM designation B686/B686M with and
without addition of 50 ppm and 100 ppm of inhibitors for 6
hours at 298 K. Aerwards, the strips which were inhibited in
solutions of various inhibitor concentrations were taken out
and the scales formed were removed with a bristle brush. The
strips were thoroughly washed with double distilled water and
liquid soap followed by rinsing with triple distilled water and
nally with acetone. Aer the washing process, the substrates
were dried and reweighed.36 Similarly, the corroded aluminum
alloy substrate from the corrosive medium was taken out and
cleaned with the same procedure mentioned before, but
without scratching its surface, and reweighed. Loss in weight of
specimen was determined by measuring the weight difference
of the aluminum alloy substrates before and aer immersion in
the acidic medium.3

2.3.3 Electrochemical measurements. In order to measure
the corrosion properties of aluminum alloy in 0.1 M HCl solu-
tion (blank) and for various concentrations of all Schiff base
inhibitors, an electrochemical technique was employed. A
standard three-electrode cell assembly was used for electro-
chemical measurements consisting of a Pyrex glass ask with
a at bottom and three openings for reference, working and
counter electrodes. Aluminum alloy (AA2219-T6) was used as
a working electrode. Saturated calomel electrode (SCE) and Pt
wire were used as reference and counter electrodes, respectively.
All the experiments were conducted in an atmospheric condi-
tion without stirring. Aer 30 minutes of immersion time of
aluminum alloy in the solution of electrolyte with and without
the addition of anticorrosive material, all the electrochemical
measurements were conducted. The aluminum alloy substrate
was dipped in the prepared solution until a stable value for
open circuit potential (OCP) was obtained and measured.
Gamry instrument interface 1010e potentiostat/galvanostat
system was used to conduct the electrochemical measurements.

2.3.3.1 Electrochemical impedance spectroscopy. EIS was used
for impedance measurements by applying an AC signal of
amplitude 10 mV in the frequency range from 100 kHz to
0.02 Hz. The investigation of the impedance spectra of Nyquist
plot and tting of the obtained results to equivalent circuits was
done. The charge transfer resistance (Rct) and double layer
capacitance (Cdl) were calculated using the diameter of the
semicircle obtained in the Nyquist plot. The inhibition effi-
ciency percent hEIS (%) was calculated from Rct values.

2.3.3.2 Potentiodynamic polarization. In Tafel polarization
measurements, polarization curves were obtained by altering
the electrode potential from �0.67 to +0.67 mV with a scan rate
of 1.0 mV s�1 at open circuit potential. Cathodic and anodic
curves having linear Tafel segments were extrapolated that
yielded an intersection point to get corrosion current density
(icorr) and corrosion potential (Ecorr). In order to conrm the
reproducibility of the results, each experiment was repeated
thrice and the most reproducible results were accepted and
reported. Inhibition efficiency percentage (h%) was calculated
by using relevant icorr values.
RSC Adv., 2019, 9, 36455–36470 | 36457
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2.4 DFT calculation for theoretical models

Quantum chemical calculations were performed using
Gaussian (09) soware. GaussView 5.0.8 was used to prepare the
input le for the construction of organic Schiff base mole-
cules.37 Geometrical optimization of the title inhibitors in the
gas phase without any constraints was performed using the DFT
method, incorporating the B3LYP/3-21G++ basis set. B3LYP
provides precise geometries and electronic properties for
a broad range of organic compounds and has been previously
used in examining the adsorption of anticorrosive molecules
from solutions.38–40 The highest occupied molecular orbital
energy (EHOMO), the lowest unoccupied molecular orbital energy
(ELUMO), the energy gap (DE ¼ ELUMO � EHOMO), the dipole
moment (m), electronegativity, soness, hardness, charge
transfer parameter and Mulliken charge were calculated in
quantum chemical calculations.

2.5 Surface analysis

FT-IR spectroscopic measurements were performed using
a PerkinElmer System 2000 for conrmation of the adsorption
of tested Schiff bases on the surface of aluminum substrate.
Vibrational frequency data of pure Schiff bases and their
adsorbed products on aluminum alloy AA2219-T6 aer
scratching from surface of aluminum were collected in the
frequency range 4000–400 cm�1.

For morphological study, polished aluminum alloy AA2219-
T6 surface features (1.2 cm � 2.0 cm � 0.46 cm) were investi-
gated before and aer immersion in 0.1 M HCl in the absence
and in the presence of inhibitors with different concentrations.
The corroded surface morphology of all samples was observed
using a SEM instrument (TESCAN VEGA3) operating at 12 kV
accelerating voltage.

3 Results and discussion

The UA, UB, and UC Schiff bases were obtained in good yields
(67–77%) by the condensation reaction of aniline with dia-
ldehydes of different substitutions as depicted in Scheme 1. All
the synthesized Schiff bases have good solubility in many
common organic solvents like chloroform, DMF, DMSO,
acetone and ethanol, but are partially soluble in methanol.

3.1 Structure elucidation of synthesized compounds

The FT-IR spectra of the Schiff base compounds were recorded
in the 4000–400 cm�1 range. In all spectra of the organic Schiff
base compounds, the disappearance of aldehydic carbonyl
C]O peak around 1680 cm�1 and appearance of azomethine
C]N band at 1585–1605 cm�1 indicated the formation of Schiff
base linkage. The stretching vibration of ether C–O–C linkage
appeared around 1209 cm�1. The stretching frequency around
2972–2891 cm�1 corresponds to aliphatic C–H; see Fig. S4 and
S11 in the ESI.†

The 1H-NMR spectra of UA, UB and UC were recorded at
room temperature in CDCl3 solvent using TMS as a reference.
The signal of azomethine protons appeared at 8.42, 8.41 and
8.51 ppm for UA, UB and UC respectively. A singlet of methoxy
36458 | RSC Adv., 2019, 9, 36455–36470
protons for methoxy (OCH3)-substituted benzene ring of UB
appeared at 3.98 ppm, whereas a triplet and quartet around 1.40
(J ¼ 6.9) and 4.13 (J ¼ 6.9) ppm, respectively, were observed in
case of ethoxy-substituted Schiff baseUC. Aromatic ring protons
showed their characteristic signals in the range of 7.21–7.91 (m,
J ¼ 8.1) for UA, 7.20–7.67 (m, J ¼ 8.4) for UB and 7.21–7.70 (m, J
¼ 8.4) for UC. All Schiff bases displayed singlet for aliphatic
protons (CH2) at around 6.46, 6.59 and 5.96 ppm for UA, UB and
UC, respectively (Fig. S1, S5 and S8 in the ESI†).

The 13C-NMR spectra of all tested Schiff bases were recorded
at room temperature using CDCl3 and acetone as a solvent. In
the 13C-NMR spectra of the compounds, the signal for azome-
thine –HC]N– carbon was at 159.0, 159.69 and 159.54 ppm for
UA, UB and UC, respectively. The signal of –CH2– carbon
appeared at 101.02, 101.03, and 101.50 ppm for UA, UB and UC,
respectively. The methoxy (OCH3) carbon showed a signal at
56.5 ppm for UB, and (OCH2) and (–CH3) signals appeared at
64.19 and 14.50 ppm, respectively, in the spectrum of UC. The
aromatic carbon atoms displayed their signals around 116.48–
152.19 (UA), 116.48–152.19 (UB) and 111.97–152.26 (UC) ppm;
see Fig. S2, S6 and S9 in the ESI.†

The mass spectra of the Schiff bases (Fig. S3, S7 and S10 in
the ESI†) showed the molecular ion peak at m/z ¼ 406, 466 and
494 for UA, UB, and UC, respectively, which matched with the
formula weight of the investigated compounds.
3.2 Corrosion inhibition measurements

3.2.1 Weight loss measurements. The experimental data of
weight lossDW, percentage inhibition efficiency (h%), corrosion
rate (CR) and surface coverage (q) for AA2219-T6 in 0.1 M HCl in
the absence and presence of the tested organic Schiff bases of
different substitutions at 298 K are shown in Table 1. The
corrosion rate (CR) was calculated (mg cm�2 h�1) by the
following eqn (1):41

CR ¼ DW

A� t
(1)

where DW is the average weight loss (mg), t is the immersion
time (h) and A is the total area (cm2) of the specimen. The
inhibition efficiency (IE) was obtained through the corrosion
rate. Eqn (2) was used to calculate percent inhibition efficiency
(h%):

h% ¼
�
CR� � CR

CR�

�
� 100 (2)

where CR� and CR are the corrosion rates of the aluminum alloy
substrate in the absence and presence of different concentra-
tion of inhibitors, respectively. The degree of surface coverage
(q) was calculated through the following expression:

q ¼ CR� � CR

CR� (3)

By adding the Schiff base inhibitors to acidic solution, the
corrosion rate is reduced more prominently and the anticorro-
sive efficiency is increased (Table 1). These results suggest that
these anticorrosive molecules are adsorbed successfully on the
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthetic route of Schiff bases (UA, UB, UC).
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aluminum surface restricting the corrosion process. At higher
concentration, the inhibition performance is improved and this
is evidence that more organic anticorrosive molecules are
adsorbed on the aluminum surface and, thus, further surface
coverage (q). The weight loss experiments also indicate that
corrosion rate decreased at all inhibitor concentrations in the
order of UC > UB > UA. This increase in efficiency of Schiff bases
is due to the attachment of different substituents to benzene
Table 1 Weight loss parameters for AA2219-T6 in 0.1 M HCl in the abse

Compound Cinh (ppm) CR (mg cm�2 h�1)

Blank — 1.528
UA 50 0.852

100 0.713
UB 50 0.490

100 0.330
UC 50 0.211

100 0.134

This journal is © The Royal Society of Chemistry 2019
rings. The corrosion inhibition efficiency of an anticorrosive
material is based on its capability to be adsorbed on a metal
surface. The rate of corrosion was inhibited by all three Schiff
bases as a result of their becoming adsorbed at the aluminum
substrate via the lone pair of electrons on the heteroatoms, such
as oxygen (–O–, –OCH3, –OC2H5) and nitrogen (>C]N), and p

electrons in the benzene rings. The number of electron-
donating moieties affects the adsorption affinity of the
nce and presence of various Schiff bases as corrosion inhibitors

DW (mg) h%
Degree of surface
coverage (q)

5.0 — —
2.7 44.24 0.4424
2.3 53.33 0.5333
1.6 67.93 0.6793
1.1 78.40 0.7840
0.7 86.19 0.8619
0.4 91.23 0.9123

RSC Adv., 2019, 9, 36455–36470 | 36459
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Fig. 1 Open circuit potential as a function of time for AA2219-T6
aluminum alloy in (a) 0.1 M HCl without inhibitor (blank) and with
different inhibitors (b) UA, (c) UB and (d) UC.

Fig. 2 Nyquist plots for aluminum alloy AA2219-T6 in 0.1 M HCl
solution in the absence and presence of Schiff bases (a) UA, (b) UB and
(c) UC of 50 and 100 ppm concentrations with their model-fitted
overlay.
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inhibitor, i.e. the adsorption would be stronger with functional
groups having electron-donating property and corrosion inhi-
bition would be higher. Thus, in the present case, UB has much
higher protection ability than UA due to the presence of
electron-donating OCH3 group and UC has a maximum
protection ability due to the presence of electron-donating
OC2H5 group.4,42

3.2.2 Monitoring open circuit potential. Prior to each
electrochemical measurement, the working electrodes were
immersed in 0.1 M HCl for 30 min to attain a stable value of
open circuit potential (OCP) and dene domains of corrosion.43

Fig. 1 shows the plots of OCP vs. time (t) for AA2219-T6 in 0.1 M
HCl solution without and with inhibitor. In the case of UB, the
OCP moves faster towards a negative direction up to 300 s and
then it attains a steady value for the rest of the experimental
time. The OCP values for the UB inhibitor solution transfer
towards a more negative potential as compared to the blank
solution which may be ascribed to the formation of a protective
lm on the surface of the electrode.44 This was inferred from the
results shown in Fig. 1, which shows that OCP values of the
aluminum corrosion in the presence of Schiff base UB mostly
are more negative45 than those of the blank. For comparison, an
overlay of all the inhibitors is given in Fig. 1. This suggested that
the OCP values of aluminum alloy corrosion in the presence of
the Schiff base inhibitors are more negative as compared to the
OCP value in the absence of inhibitor suggesting a predomi-
nantly cathodic character. UB and UC gave more negative OCP
values than UA because of the electron-donating functional
groups OCH3 and OC2H5 attached to the aromatic rings of UB
and UC compounds, respectively.

3.2.3 Electrochemical impedance spectroscopy. EIS is an
efficient method for studying anticorrosive phenomena.46 EIS
results were obtained for the synthesized Schiff bases UA, UB
and UC at various concentrations, for anticorrosive studies
using the aluminum substrate AA2219-T6 in 0.1 M HCl at open
circuit potential. Impedance studies provide a clear illustration
of the corrosion inhibition kinetics of metallic substrates in
36460 | RSC Adv., 2019, 9, 36455–36470
terms of Bode and Nyquist plots (Zreal vs. Zimag). Nyquist plots
are given in Fig. 2. It is obvious from the Nyquist plots that with
the addition of anticorrosive Schiff bases, the impedance
response has changed. Inhibition efficiencies at different
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Blank fitted Nyquist plot and (b) suggested equivalent circuit
model used to measure the impedance for the investigated Schiff
bases.
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concentrations were evaluated from the charge transfer resis-
tance Rct by using the following eqn (4):47

IE% ¼
�
Rct � R

�
ct

Rct

�
� 100 (4)

Nyquist plots of all the inhibitors exhibited a semicircle-
shaped capacitive loop in the high-frequency region and an
inductive loop in the low-frequency area as shown in Fig. 2(a–c).
The semicircle is indicative of a barrier layer formation of the
Schiff bases on the aluminum alloy surface, therefore eluci-
dating the charge transfer resistance related with the corrosion
activity and the behavior of the electrical double layer. Stabili-
zation of intermediates formed during the corrosion process
may result in the formation of an inductive loop;48,49 however,
the mechanism is still unclear. Deviation from the ideal semi-
circle is generally ascribed to frequency scattering as well as
non-homogeneity, roughness of substrate surface, mass trans-
port process and resulting adsorption.

Table 2 shows that the charge-transfer values are increased
and there is a corresponding decrease in the values of double
layer capacitance on increasing the concentration of all three
inhibitors. With an increase in concentration of the tested
Schiff bases, the inhibition efficiency increases. The decrease in
CPE (Cdl) values can be assigned to a decrease in local dielectric
constant and/or an increase in electrical double layer thickness,
suggesting that the inhibitor molecules are adsorbed at the
metal/solution boundary.50,51 This may be due to the replace-
ment of molecules of water by the anticorrosive molecules at the
metal/solution interface.

Nyquist plots were comprehended further by tting the
experimental data to a simple equivalent circuit model as
shown in Fig. 3a and b, which consists of the charge transfer
resistance (Rct), solution resistance (Rs), constant phase element
(CPE), inductor and its corresponding resistance. CPE is used
instead of an ideal capacitor (for ideal cases, the CPE is equal to
a capacitor when n ¼ 1) in order to account for the non-ideal
behavior of the system.52 The Nyquist plots of aluminum alloy
in the absence and presence of substituted Schiff bases with
different concentrations are shown in Fig. 2(a–c).

The extent of corrosion of aluminum was perceived to
decrease with an increase in the inhibitor concentration which
is evidenced by the increased charge transfer resistance values
Table 2 Electrochemical parameters extracted from the equivalent
circuit fits for aluminum alloy in the absence and presence of the
inhibitors

Code Conc. (ppm) Rct (U cm2) Cdl (mF) Rs (U cm2) h%

Blank — 317.8 398.29 3.60 —
UA 50 723.0 352.54 6.03 6.04

100 998.0 221.28 8.19 8.15
UB 50 1227 210.68 8.57 3.93

100 1250 202.52 6.55 4.57
UC 50 2740 92.39 0.00 8.40

100 3750 67.0 5.01 1.52

This journal is © The Royal Society of Chemistry 2019
for these anticorrosive compounds. The pronounced increase in
Rct values is imputed to the formation of an insulating protec-
tive lm at the metal/solution interface. Hence, higher Rct

values are associated with a slower-corroding system.7 The
decrease in CPE (Cdl) values can be assigned to a decrease in the
local dielectric constant and/or an increase in the electrical
double layer thickness, suggesting that the inhibitor molecules
are adsorbed at the metal/solution boundary.50,51 A comparison
of the capacitive loops of UA, UB and UC indicates that ethoxy
and methoxy substitutions directly affect the anticorrosion
efficiency. From the inhibition efficiencies it is assessed that
there is superior inhibition performance of UB and UC for
aluminum corrosion in 0.1 M HCl due to the presence of
electron-donating methoxy (–OCH3) and ethoxy (–OC2H5)
groups. The EIS results obtained are very much consistent with
the weight loss measurement results.

The following eqn (5) is used to calculate double layer
capacitance Cdl:

Cdl ¼ 1

2pfmR
(5)
RSC Adv., 2019, 9, 36455–36470 | 36461
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Fig. 4 Tafel polarization curves for aluminum in 0.1 M HCl in the
absence and presence of various concentrations of Schiff base
inhibitors (a) UA, (b) UB and (c) UC.
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where fm is the maximum frequency at the highest value of the
imaginary component of the Nyquist plot and R is the charge
transfer resistance.

3.2.4 Potentiodynamic polarization measurements. Fig. 4
presents the potentiodynamic polarization curves (Tafel plots)
of AA2219-T6 aluminum alloy in 0.1 M HCl solution in the
absence and presence of UA, UB and UC inhibitors. Tafel t
extrapolation was used to extract electrochemical parameters
such as corrosion potential (Ecorr), corrosion current density
(icorr), and cathodic and anodic Tafel slopes (bc and ba). The
results from potentiodynamic polarization measurements are
summarized in Table 3. The inhibition efficiency (IE%) and
surface coverage (q) were also calculated according to eqn (6)
and (7)53 and the obtained values are presented in Table 3:

q ¼ i
�
corr � icorr

i
�
corr

(6)

h% ¼
�
i
�
corr � icorr

i
�
corr

�
� 100 (7)

where i
�
corr and icorr are the values of current densities without

and with inhibitors, respectively.
Adsorption of anticorrosive materials on a metal surface is

usually associated with the depletion of the number of active
reaction sites, as they are blocked by the adsorbate. During the
electrochemical reaction, fewer active sites on the metal surface
yields a lower metal dissolution and/or evolution of hydrogen.
Inhibitors can be categorized as cathodic, anodic or mixed type
according to Ecorr values. When the Ecorr values between blank
and inhibited solutions are >85 mV, the inhibitor molecules are
of anodic or cathodic type. As shown in Table 3, adding anti-
corrosive compounds to the solution changes both anodic and
cathodic slopes compared to those of blank solutions. Ecorr
values in the presence of Schiff base inhibitors are shied in the
negative direction; this effect is more prominent at higher
concentration. This shi in Ecorr is from �2 to �80 mV which
suggests that all studied organic Schiff basesUA,UB, andUC act
as mixed-type inhibitors but predominantly cathodic.54

Furthermore, the corrosion current density is decreased and the
inhibition efficiency is increased as the inhibitor concentration
is increased for all the Schiff bases (inhibitors). The main
criterion in determining the inhibition efficiency of an anti-
corrosive material is the corrosion current density (Icorr). The
corrosion current density is lower in the solution containing UC
than that in the solution containing UB, which in turn is slightly
lower than that in the solution containing UA, for similar
concentration, in agreement with our impedance results. This
suggests that the inhibitor molecules are adsorbed at the Al/
solution interface where the adsorbed molecules mechanically
screen the coated part of the surface of metal from the action of
the corrosive material. The inhibition efficiency values of the
examined organic Schiff bases follow the order UC > UB > UA.
The electron-donating methoxy and ethoxy group in UC and UB,
respectively, could potentially contribute to a better corrosion
protection efficiency than that of UA.

3.2.5 Adsorption isotherm. It has been presumed that
organic inhibitors manifest their inhibition via the adsorption of
36462 | RSC Adv., 2019, 9, 36455–36470
the anticorrosive material on to the surface of a metal. Chemical
structures of organic compounds, surface charge and nature of
metal, molecular charge distribution and type of aggressive
media are factors affecting inhibitors in adsorption processes.10
This journal is © The Royal Society of Chemistry 2019
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Table 4 Adsorption equilibrium constant (Kads) and adsorption free
energy ðDG�

adsÞ for Schiff bases

Compound Kads (�104 M�1) �DG�
ads ðkJ mol�1Þ

UA 2.6525 40.89
UB 1.6834 39.76
UC 1.6666 39.74

Fig. 5 Langmuir adsorption isotherm plots for the investigated Schiff
base corrosion inhibitors.

Table 3 Electrochemical parameters extracted from the potentiodynamic polarization curves for corrosion of aluminum alloy in 0.1 M HCl in the
presence and absence of Schiff bases at 298 K (results from Fig. 4)

Code Conc. (ppm) �Ecorr (mV) Icorr (mA)
ba
(V per decade)

bc
(V per decade) q h%

Blank — �678.0 18.59 1.200 1.8 — —
UA 50 �680.0 14.48 1.737 8.32 0.4010 40.1

100 �700.5 8.980 1.467 1.335 0.5169 51.7
UB 50 �759.9 5.723 0.653 1.303 0.6921 69.2

100 �762.0 2.86 0.950 0.816 0.8461 84.6
UC 50 �768.1 1.730 0.842 1.223 0.9060 90.6

100 �690.6 0.751 0.229 0.397 0.9593 95.9
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With an increase in the concentration of the investigated
Schiff bases, the inhibition efficiency is increased. This fact can
be explained by the adsorption of these Schiff bases on the
aluminum surface. Examining the adsorption isotherm is
helpful for probing these interactions and the inhibitor
adsorption mechanism.55 Adsorption isotherms of UA, UB, and
UC on AA2219-T6 aluminum alloy by their surface coverage (q)
as a function of anticorrosive compound concentration in 0.1 M
HCl solution (Cinh) are shown in Fig. 5. The plots indicate that
all inhibitors UA, UB and UC follow a linear Langmuir isotherm
tendency, as straight lines were yielded with a correlation
coefficient of approximately 1. The Langmuir isotherm is given
by the following eqn (8):56

Cinh

q
¼ 1

Kads

þ Cinh (8)

Here, Kads is the equilibrium constant for adsorption and q is
calculated from potentiodynamic polarization measurements.
The equilibrium constant of adsorption process Kads is related
to DG

�
ads, the free adsorption energy, through eqn (9):55,57

DG
�
ads ¼ �RT lnð55:5 KadsÞ (9)

where R is the gas constant, T is the temperature and 55.5 is the
molar concentration of water in solution (in mol L�1). Anti-
corrosive compounds are presumed to adsorb on a solid surface
with a series of prominent binding sites. As all sites are iden-
tical, therefore each site can attach to only one inhibitor.

Thermodynamic parameters obtained from Langmuir
adsorption isotherms for the studied compounds are given in
Table 4. It is obvious from the table that high values of Kads

reect the strong interaction between the aluminum and anti-
corrosive compounds. In the literature it was reported that high
Kads values (>�100 M�1) relate to the stronger and more stable
adsorbed layer formation on a metal substrate surface.8,58

Generally, a value of DG
�
ads of around or higher (more negative)

than �40 kJ mol�1 involves charge sharing between the
compounds and metal (chemisorption).57 In the present work,
the calculated values of DG

�
ads for studied Schiff base

compounds UA, UB and UC are 40.89 kJ mol�1, 39.70 kJ mol�1

and 39.74 kJ mol�1, respectively. This is an indication of
dominant chemisorption, but the physisorption contribution
should also be considered due to the possibility of formation of
protonated Schiff bases which can interact electrostatically with
This journal is © The Royal Society of Chemistry 2019
surface of charged metal substrate. To understand further the
adsorption mechanism of the investigated molecules (inhibi-
tors), quantum chemical calculation was performed.

3.3 Quantum chemical calculations

The spatial molecular structure of an organic anticorrosive
compound as well as its electronic structure play a vital role in
the inhibition efficiency of the compound. The chemical reac-
tivities of organic compounds are dependent on the frontier
molecular orbitals (FMO), consisting of the highest occupied
molecular orbital, HOMO, and the lowest unoccupied molec-
ular orbital, LUMO.6 In Fig. 6, we show the HOMO and LUMO of
UA, UB, and UC in their optimized molecular structures
RSC Adv., 2019, 9, 36455–36470 | 36463
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Fig. 6 Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for UA, UB, and UC.

Table 5 Quantum chemical parameters obtained using the B3LYP
method with a 3–21 basis set for the Schiff bases

Quantum parameter

Schiff base inhibitors

UA UB UC

EHOMO (eV) �5.5711 �5.5088 �5.4935
ELUMO (eV) �1.6551 �1.6609 �1.6709
DE (eV) 3.9160 3.8478 3.8226
m (eV) 2.6582 1.9597 4.84
I (eV) 5.57118 5.50881 5.49359
A (eV) 1.6551 1.6609 1.6709
c (eV) 3.61314 3.58488 3.58227
h (eV) 1.95804 1.92393 1.91132
s 0.5107 0.5197 0.5231
DN 1.747 1.771 1.782085
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obtained using the DFT functional B3LYP method with the 3-
21G basis set.

Table 5 shows the calculated quantum parameters for all the
Schiff base inhibitors. The inuence of EHOMO and ELUMO of
inhibitors, which show the ability of the anticorrosive
compounds to react with a substrate, is discussed as follows.
Electron-donating ability of a molecule to a suitable acceptor
with empty molecular orbitals (p orbital in aluminum) is indi-
cated through EHOMO.37,55 Therefore, high values of EHOMO can
facilitate the adsorption and increase the inhibition efficiency
(IE%). Similarly, ELUMO indicates the electron-accepting ability
of the anticorrosive compound. The corrosion inhibition effi-
ciency is decreased as a consequence of aggregation of electrons
on the surface due to the repulsion of the electronegative
36464 | RSC Adv., 2019, 9, 36455–36470 This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Distribution of Mulliken charges in UA, UB, UC Schiff bases.
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inhibitor from the metal surface. In the present study, the lower
values of ELUMO indicate that the Schiff base inhibitors can
easily gain free electrons from the metal.40

Energy gap (DE ¼ ELUMO � EHOMO) is a vital parameter that
indicates the activity of an anticorrosive compound. Low values
of DE provide high inhibition effectiveness, because less exci-
tation energy is required to remove electrons from the last
occupied orbital and the inhibitor adsorbs more promptly.39

According to Table 5, UC has the lowest DE value compared to
UA and UB. UC also has the highest EHOMO and lowest ELUMO

values as compared to UA and UB. Although all compounds
show comparable inhibition efficiencies, UC and UB are more
efficient inhibitors because of the presence of electron-donating
groups (ethoxy andmethoxy). The HOMO of anticorrosive Schiff
bases appears mainly in the proximity of nitrogen and oxygen
atoms. These atomic sites assist the adsorption of the studied
Schiff bases on the aluminum alloy surface. Mulliken charge
population analysis also leads to the same conclusion of charge
distribution over all the organic Schiff bases.39 As shown in
Fig. 7, the highest negative charge densities are placed on
oxygen and nitrogen atoms, which are responsible for a strong
bond between Schiff base and metal substrate surface.

The HOMO and LUMO energies of the anticorrosive molecules
are associated with ionization potential (I) and electron affinity (A),
respectively, and are obtained from the following equations:

I ¼ �EHOMO (10)

A ¼ �ELUMO (11)

The adiabatic global hardness (h) and adiabatic electroneg-
ativity (c) were computed from the following equations:

h ¼ I � A

2
(12)

c ¼ ðI þ AÞ
2

(13)

The reciprocal of the hardness is known as the soness:

s ¼ 1

h
(14)

Absolute values of s and h indicate molecular stability and
reactivity.

The charge transferred (DN) from Schiff base inhibitor to
aluminum metal was determined by the following expression:38

DN ¼ ð cAl � cinhÞ
2 ðhAl þ hinhÞ

(15)

From this study the theoretical value of bulk aluminum
electronegativity is cAl ¼ 3.23 eV based on Pearson.59 A global
hardness of hAl ¼ 0, by assuming that for a metallic bulk I ¼ A,
because they are soer than the neutral metallic atom. Previ-
ously it was reported that if DN < 3.6, the inhibitor efficiency is
This journal is © The Royal Society of Chemistry 2019
enhanced by an increase in the ability of inhibitor to donate
electrons to the metal substrate surface.38
3.4 Surface analysis

3.4.1 FT-IR spectroscopy. FT-IR spectroscopy was per-
formed on the post-corrosion surfaces to get deeper insights
into the formation of various adsorption products on the
surface of aluminum alloy AA2219-T6 in acidic medium. In
addition, it was used to further conrm the adsorption of Schiff
bases as anticorrosive materials and the functional groups
taking part in the adsorption mechanisms and to investigate
the type of bond formed by the adsorbed anticorrosive mate-
rials. Table 6 presents the FT-IR vibrational frequencies of
a representative Schiff base and those of the corrosion products
of aluminum alloy inhibited by it. Prominent functional groups
identied in the FT-IR spectrum of include C]N, Ar–CH, –CH2–
RSC Adv., 2019, 9, 36455–36470 | 36465
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Table 6 FT-IR stretching frequencies of representative Schiff base and
the corrosion product of aluminum in the presence of Schiff base (UB)

Inhibitor before
adsorption

Corrosion product
of aluminum Functional group/assignment

3054 3050 Aromatic-C–H
2972 2930 C–H aliphatic
1585 1575 C]N stretch
1572 1573 C–C stretch
1373 1371 C–H rocking
1447 1461 C–N stretch
1249 1245 C–O–C
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, C–O–C, C–C, C–H and C–N. However, when the Schiff base was
used as a corrosion inhibitor for aluminum in acidic medium,
some functional group bands were shied to the right or le
Fig. 8 SEM micrographs of the aluminum alloy surface without and with
surface at 5 mm, [(b)c] corroded surface at 20 mm, [(b)i] inhibited surface at
mm.

36466 | RSC Adv., 2019, 9, 36455–36470
while some were absent as shown in Table 6 and Fig. S12 in the
ESI.† Shi in frequency of FT-IR absorption and decrease in the
peak intensities revealed that there is an interaction between
the inhibitor and the aluminum alloy surface. The stretching
vibrations of C]N and C–O–C are slightly shied towards lower
frequencies, indicating interactions between the unshared pair
of electrons on the nitrogen and oxygen atoms and aluminum
atoms. This provides evidence for improved retardation of
aluminum alloy corrosion.45

3.4.2 SEM analysis. The effect of corrosion inhibitors on
the surface of AA2219-T6 aluminum alloy in both the absence
and presence of Schiff bases was investigated by SEM. SEM
images clearly depicting both the corroded and inhibited
surfaces with different magnication levels are shown in Fig. 8
[(a)i, (a)c]–[(c)i, (c)c]. Aer immersion in the blank 0.1 M HCl
solution for 6 h, the uniform aluminum alloy surface is
UA Schiff base inhibitor: [(a)c] corroded surface at 5 mm, [(a)i] inhibited
20 mm, [(c)c] corroded surface at 200 mm, [(c)i] inhibited surface at 200

This journal is © The Royal Society of Chemistry 2019
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damaged severely, as can be seen in Fig. 8(a)c–(c)c at different
magnication levels of 5, 20 and 200 mm, respectively. It can be
seen that pits are obvious and entirely covered with thick
corrosion products. The corroded layer of the specimen is
rather uneven and rusty with certain grooves. The aggressive
ions can penetrate deep into the fresh aluminum alloy surface
through these passages to form mordant corrosion products.
Aer immersion in the UA Schiff base inhibitor test solution for
6 h, an even and uniformly coated surface of the aluminum
alloy substrate was observed as shown in Fig. 8(a)i–(c)i. There
were no traces of corrosive compound formation on the
surfaces, suggesting an efficient anticorrosive ability of the
Schiff base. Furthermore, in comparison, a good protective lm
is evident, attributed to the effective adsorption of Schiff base,
which protects from destructive ion attack on the surface of the
metal substrate. The same anticorrosive response was observed
for UB and UC test solutions.

3.4.3 Mechanism of corrosion inhibition. One can infer the
mechanism of corrosion inhibition from the observations
drawn from the various procedures and experimentation out-
lined above. Initially the Schiff base anticorrosive materials are
adsorbed on the surface of aluminum alloy to form a protective
lm that guards the substrate even in an acidic medium of
0.1 M HCl. The inhibitive action can be explained on the basis
of nitrogen and oxygen atoms along with p electron interaction
of the aromatic rings with unshared p electrons of the
aluminum atoms. In azomethine, C]N, the unshared pair of
electrons of the nitrogen is easily available for sharing with
metal atoms forming a covalent bond, hence the metal is pro-
tected from the acidic environment.

In the anticorrosion process, the adsorption of an anticor-
rosive material on a metallic substrate can be explained via
three prime steps based on three different types of interactions
whereby the process of adsorption may occur through one or
more steps.60,61 These three types of interactions are: electro-
static attraction between the charged molecules and charged
metal, coordination of metal atoms with the unshared pair of
electrons of molecules, and p electron participation of the
anticorrosive molecule in the process of coordination. Gener-
ally, the examined Schiff bases may be adsorbed on the
aluminum alloy substrate in their protonated or neutral form,
in the aqueous acidic solution. The interaction of neutral as well
as protonated form on the substrate surface should be
competitive with that of hydrogen ions, that are going to reduce
the metal surface and hydrogen evolution occurs. As the
aluminum alloy surface is positively charged in 0.1 M HCl
solution,62,63 Cl� ions (of HCl) and investigated Schiff bases can
be adsorbed on the aluminum surface via their negative centers.
Adsorption on the aluminum alloy surface involves the
displacement of aqueous molecules and sharing of electrons
between the heteroatoms and aluminum alloy. Also, the anti-
corrosive molecules can adsorb on the surface of the aluminum
alloy on the basis of donor–acceptor interactions between p-
electrons of benzene rings and vacant p-orbitals of atoms of the
aluminum alloy surface.3 Thus, it is concluded that charge
sharing between the Schiff base molecules and metal is a more
dominant type of adsorption than electrostatic interactions,
This journal is © The Royal Society of Chemistry 2019
and these are the main reasons of aluminum alloy corrosion
inhibition.8 Among all the investigated Schiff bases, the
chelating effect of UB and UC is greater as compared to UA. This
is due to the presence of two electron-donating groups of –OCH3

in UB and two electron-donating groups of –OC2H5 in UC.3

4 Conclusions

Three novel Schiff bases were synthesized and their structures
were interpreted spectroscopically through FT-IR, 1H NMR, 13C
NMR and GC-MS. Corrosion inhibition efficiency of these
synthesized Schiff bases on aluminum alloy AA2219-T6 in 0.1 M
HCl was investigated using weight loss measurements, polari-
zation and EIS studies. Molecular structure and corrosion
inhibition efficiency of the title compounds were correlated
with the help of quantum chemical calculations. The outcome
of all tests showed that inhibition effectiveness of all the Schiff
base inhibitors increases with increasing concentrations of
inhibitors. All the inhibitor adsorptions followed the Langmuir
adsorption isotherm showing predominant chemisorption,
based on obtained DG

�
ads values, which showed that all the

compounds are efficient corrosion inhibitors. Polarization
studies showed all the Schiff bases as mixed-type inhibitors,
having dominant cathodic action. Inhibition efficiency
acquired from the weight loss and EIS are in good agreement
with polarization studies in accordance with the order: UC > UB
> UA for AA2219-T6 alloy. This inhibitor performance trend was
set owing to the additional number of electron-donating func-
tional groups OCH3 and OC2H5 attached to UB and UC,
resulting in higher inhibition efficiency. EHOMO, ELUMO, DE, the
dipole moment (m), electronegativity, soness, hardness, charge
transfer parameter, Mulliken charge along with charge transfer
parameter were calculated through quantum chemical calcu-
lations. The values of Kads suggested strong interactions of
inhibitors with the aluminum surface. Effective metal surface
protection was further revealed through inspection of SEM
images of surfaces in the presence of the investigated Schiff
bases. The enhanced corrosion inhibition activity of these Schiff
bases further aroused interest of our group to extend their
application towards the development of anticorrosive paint for
the paint industry, which is also a critical challenge for
researchers in the eld of corrosion science.
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38 I. Lukovits, E. Kálmán and F. Zucchi, Corrosion Inhibitors—
Correlation Between Electronic Structure and Efficiency,
Corrosion, 2001, 57(1), 3–8.

39 I. B. Obot and Z. M. Gasem, Theoretical Evaluation of
Corrosion Inhibition Performance of Some Pyrazine
Derivatives, Corros. Sci., 2014, 83, 359–366, DOI: 10.1016/
j.corsci.2014.03.008.

40 H. Hamani, T. Douadi, M. Al-noaimi, S. Issaadi, D. Daoud
and S. Chafaa, Electrochemical and Quantum Chemical
Studies of Some Azomethine Compounds as Corrosion
Inhibitors for Mild Steel in 1M Hydrochloric Acid, Corros.
Sci., 2014, 88, 234–245, DOI: 10.1016/j.corsci.2014.07.044.

41 K. Boumhara, F. Bentiss, M. Tabyaoui, J. Costa, J. Desjobert
and A. Bellaouchou, Use of Artemisia Mesatlantica Essential
Oil as Green Corrosion Inhibitor for Mild Steel in 1 M
Hydrochloric Acid Solution, Int. J. Electrochem. Sci., 2014, 9,
1187–1206.

42 A. Singh, K. R. Ansari, J. Haque, P. Dohare, H. Lgaz, R. Salghi
and M. A. Quraishi, Effect of Electron Donating Functional
Groups on Corrosion Inhibition of Mild Steel in
Hydrochloric Acid: Experimental and Quantum Chemical
Study, J. Taiwan Inst. Chem. Eng., 2018, 82, 233–251, DOI:
10.1016/j.jtice.2017.09.021.

43 M. Ramadan, E. Sayed, H. Shokry, T. Sharshar andM. A. Amin,
A Newly Synthesized Sulphated 8-Hydroxyquinoline Derivative
to Effectively Control Aluminum Corrosion in Perchloric Acid:
Electrochemical and Positron Annihilation Studies, J. Mol.
Liq., 2016, 214, 319–334, DOI: 10.1016/j.molliq.2015.11.056.

44 Q. Zhao, T. Tang, P. Dang, Z. Zhang and F. Wang, The
Corrosion Inhibition Effect of Triazinedithiol Inhibitors for
Aluminum Alloy in a 1 M HCl Solution, Metals, 2017, 7, 44,
DOI: 10.3390/met7020044.

45 N. Nnaji, N. Nwaji and J. Mack, Corrosion Resistance of
Aluminum against Acid Activation: Impact of Benzothiazole-
Substituted Gallium Phthalocyanine, Molecules, 2019, 24,
207, DOI: 10.3390/molecules24010207.

46 J. Saranya, M. Sowmiya, P. Sounthari, K. Parameswari,
S. Chitra and K. Senthilkumar, N-Heterocycles as
Corrosion Inhibitors for Mild Steel in Acid Medium, J. Mol.
Liq., 2016, 216, 42–52, DOI: 10.1016/j.molliq.2015.12.096.

47 Z. Tao, S. Zhang, W. Li and B. Hou, Corrosion Inhibition of
Mild Steel in Acidic Solution by Some Oxo-Triazole
Derivatives, Corros. Sci., 2009, 51(11), 2588–2595, DOI:
10.1016/j.corsci.2009.06.042.

48 A. Khadraoui, A. Khelifa, L. Touafri, H. Hamitouche and
R. Mehdaoui, Acid Extract of Mentha Pulegium as
a Potential Inhibitor for Corrosion of 2024 Aluminum Alloy
in 1 M HCl Solution, J. Mater. Environ. Sci., 2013, 4(5), 663–
670.

49 S. S. Abd El Rehim, H. H. Hassan and M. A. Amin, Corrosion
Inhibition of Aluminum by 1,1(Lauryl Amido)Propyl
Ammonium Chloride in HCl Solution, Mater. Chem. Phys.,
2001, 70(1), 64–72, DOI: 10.1016/s0254-0584(00)00468-5.
RSC Adv., 2019, 9, 36455–36470 | 36469

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07105a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 5
:4

1:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
50 S. K. Singh, S. P. Tambe, G. Gunasekaran, V. S. Raja and
D. Kumar, Electrochemical Impedance Study of Thermally
Sprayable Polyethylene Coatings, Corros. Sci., 2009, 51(3),
595–601, DOI: 10.1016/j.corsci.2008.11.025.

51 X. Li and S. Deng, Inhibition Effect of Dendrocalamus
Brandisii Leaves Extract on Aluminum in HCl, H 3PO 4
Solutions, Corros. Sci., 2012, 65, 299–308, DOI: 10.1016/
j.corsci.2012.08.033.

52 J. R. Macdonald, Impedance Spectroscopy, Ann. Biomed.
Eng., 1992, 20(3), 289–305, DOI: 10.1007/bf02368532.

53 M. Behpour, S. M. Ghoreishi, N. Soltani and M. Salavati-
Niasari, The Inhibitive Effect of Some Bis-N,S-Bidentate
Schiff Bases on Corrosion Behaviour of 304 Stainless Steel
in Hydrochloric Acid Solution, Corros. Sci., 2009, 51(5),
1073–1082, DOI: 10.1016/j.corsci.2009.02.011.

54 S. Banerjee, A. Mishra, M. M. Singh, B. Maiti, B. Ray and
P. Maiti, Highly Efficient Polyurethane Ionomer Corrosion
Inhibitor: The Effect of Chain Structure, RSC Adv., 2011,
1(2), 199–210, DOI: 10.1039/c1ra00021g.

55 K. F. Khaled, Monte Carlo Simulations of Corrosion
Inhibition of Mild Steel in 0.5 M Sulphuric Acid by Some
Green Corrosion Inhibitors, J. Solid State Electrochem.,
2009, 13, 1743–1756, DOI: 10.1007/s10008-009-0845-y.

56 L. Guo, S. Zhu, S. Zhang, Q. He and W. Li, Theoretical
Studies of Three Triazole Derivatives as Corrosion
Inhibitors for Mild Steel in Acidic Medium, Corros. Sci.,
2014, 87, 366–375, DOI: 10.1016/j.corsci.2014.06.040.

57 A. Kosari, M. H. Moayed, A. Davoodi, R. Parvizi, M. Momeni,
H. Eshghi and H. Moradi, Electrochemical and Quantum
36470 | RSC Adv., 2019, 9, 36455–36470
Chemical Assessment of Two Organic Compounds from
Pyridine Derivatives as Corrosion Inhibitors for Mild Steel in
HCl Solution under Stagnant Condition and Hydrodynamic
Flow, Corros. Sci., 2014, 78, 138–150.

58 I. Ahamad, R. Prasad and M. A. Quraishi, Experimental and
Quantum Chemical Characterization of the Adsorption of
Some Schiff Base Compounds of Phthaloyl Thiocar
-bohydrazide on the Mild Steel in Acid Solutions, Mater.
Chem. Phys., 2010, 124(2–3), 1155–1165, DOI: 10.1016/
j.matchemphys.2010.08.051.

59 R. G. Pearson, Absolute Electronegativity and Hardness:
Application to Inorganic Chemistry, Inorg. Chem., 1997,
8441(7), 3533–3539.

60 V. R. Saliyan and A. V. Adhikari, Propanohydrazide as an
Effective Inhibitor of Mild Steel Corrosion in HCl Solution,
Synthesis, 2008, 50, 55–61, DOI: 10.1016/j.corsci.2006.06.035.

61 D. Paul Schweinsberg, G. A. George, A. K. Nanayakkara and
D. A. Steinert, The Protective Action of Epoxy Resins and
Curing Agents—Inhibitive Effects on the Aqueous Acid
Corrosion of Iron and Steel, Corros. Sci., 1988, 28(1), 33–42,
DOI: 10.1016/0010-938x(88)90004-2.

62 A. Yurt, S. Ulutas and H. Dal, Electrochemical and Theoretical
Investigation on the Corrosion of Aluminium in Acidic
Solution Containing Some Schiff Bases, Appl. Surf. Sci.,
2006, 253(2), 919–925, DOI: 10.1016/j.apsusc.2006.01.026.

63 A. K. Vijh, Chemical Approaches to the Approximate
Prediction of Band Gaps of Binary Semiconductors and
Insulators, J. Electrochem. Soc., 2007, 117(5), 173C, DOI:
10.1149/1.2407577.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07105a

	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a

	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a

	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a
	Experimental and theoretical insights into the corrosion inhibition activity of novel Schiff bases for aluminum alloy in acidic mediumElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra07105a


